Desmin is the intermediate filament (IF) protein occurring exclusively in muscle and endothelial cells. There are other IF proteins in muscle such as nestin, peripherin, and vimentin, besides the ubiquitous lamins, but they are not unique to muscle. Desmin was purified in 1977, the desmin gene was characterized in 1989, and knock-out animals were generated in 1996. Several isoforms have been described. Desmin IFs are present throughout smooth, cardiac and skeletal muscle cells, but can be more concentrated in some particular structures, such as dense bodies, around the nuclei, around the Z-line or in costameres. Desmin is up-regulated in muscle-derived cellular adaptations, including conductive fibers in the heart, electric organs, some myopathies, and experimental treatments with drugs that induce muscle degeneration, like phorbol esters. Many molecules have been reported to associate with desmin, such as other IF proteins (including members of the membrane dystroglycan complex), nebulin, the actin and tubulin binding protein plectin, the molecular motor dynein, the gene regulatory protein MyoD, DNA, the chaperone αB-crystallin, and proteases such as calpain and caspase. Desmin has an important medical role, since it is used as a marker of tumors' origin. More recently, several myopathies have been described, with accumulation of desmin deposits. Yet, after almost 30 years since its identification, the function of desmin is still unclear. Suggested functions include myofibrillogenesis, mechanical support for the muscle, mitochondrial localization, gene expression regulation, and intracellular signaling. This review focuses on the biochemical interactions of desmin, with a discussion of its putative functions.
Introduction
Desmin is the intermediate filament (IF) protein of muscle and endothelial cells. The cytoskeletal category of IFs was suggested by Holtzer's group (1) based on the 10-nm diameter filaments observed in electron micrographs of skeletal muscle, which were intermediate in diameter between the 5-nm microfilaments and the 16-nm thick filaments. Muscle IF protein was purified by Small and Sobieszek (2) who called it "skeletin", but Lazarides and Hubbard (3) , who also purified it, named it "desmin" (desmos = link) for its alleged function of linking sarcomeres. Biochemical purification led to antibody production, which in turn led to the determination of its spatial distribution in several tissues (4) . The gene has been identified by Capetanaki et al. (5) , and desmin knockouts have been produced by the groups of Paulin (6) and Capetanaki (7) . Desmin has been shown to interact with several molecules, and therefore particular functions for desmin are attributed to each of these interactions. Many aspects of the cell biology of desmin are remarkable, like its resistance to chemical denaturation and mechanical stability, and its direct interaction with the muscular differentiation program. It is the first muscle-specific structural protein and one of the more persistent in several differentiation conditions. The recent finding of several cases of human diseases linked to altered desmin expression (8) has renewed the interest in the physiological roles of desmin. However, despite all the curiosity it inspired, the function of desmin is still unknown.
Biochemical aspects
Human desmin is a protein of 52 kDa, 470 amino acids, with pI 5.4. There is a single desmin gene (DES) in all vertebrates, with reasonable sequence conservation, since there is great homology between the gene from zebrafish and man, as is shown in the phylogenetical analysis ( Figure 1 ). The DES gene has been sequenced in several animal species, such as man, rat, mouse, cow, pig, hamster, chicken, Xenopus, and zebrafish (9) . While only vertebrates express desmin, there are related molecules in other animals. Tunicates have an St-A protein, an intermediate filament protein has been described in C. elegans, lamins have been found in Drosophila, and an intracellular transport protein, with 20% homology with desmin, was found in Saccharomyces. The desmin protein, like all intermediate filaments, has two conserved central rod domains (H1 and H2), Figure 1 . Phylogenetic relationships of desmin from several animals. Multiple sequence alignments were generated following the alignment of the human gene using the CLUSTALX software. The evolutionary tree was prepared with the NIPLOT software. This figure shows that desmin is quite conserved evolutionarily. The changes are very well related to phylogeny (more time of species divergence, more differences among the desmins). This constant rate of evolutionary change over time indicates that desmin should be on a high selective pressure and should have a high adaptive value. The following sequences were obtained 4 linker regions (L1A, L1B, L2A, and L2B), and two globular end domains. The central rod domains are responsible for polymerization by lateral association. The exact structure of the filament is still unclear, but it is known that IF molecules associate laterally in pairs, which in turn associate with each other. The 10-nm filament may be formed by about 8 individual protofilaments (10) . In this way, a truncation of the desmin carboxyterminal domain in a few molecules leads to the disassembly of the filament network, when a truncated desmin gene is expressed in a few nuclei in a multinuclear myotube (11) .
The central IF domain is composed of several heptapeptide repeats, which form coiled-coil α-helices. This domain is present in several protein families from spectrin to plectin. Desmin has also a less conserved IF head domain, and the end domains are overall quite variable among IFs. Sequence homology, and therefore evolutionary relationships, and the ability to co-polymerize are the main criteria for their classification into 6-7 groups (10, but see Ref. 12) . Thus, desmin is classified as a type III IF, and shares high homology with mesenchymal cell vimentin and glial cell GFAP (glial fibrillary acidic protein). All type III IFs can form homopolymers with themselves or heteropolymers with each other. The acid and basic cytokeratins of epithelial cells are classified as types I and II, respectively, and they are obligatory heteropolymers between the two classes. The three different neurofilament proteins compose the type IV IF. Type V is defined by the lamins, which are ubiquitous supporters of nuclei in all eukaryotic cell types, and are thought to be the evolutionary more primitive IF protein. Lamins have a nuclear localization signal and an extra domain, which induces the formation of a lattice instead of the conventional filaments. While some classifications propose class VI to be composed of large molecular weight proteins (synemin, paranemin), others suggest type VI to be a special group for lens-beaded filaments (phakinin and filensin) or as an orphan group of unclassified proteins. Several other IF proteins, like peripherin, gelfitin, transitin, tanabin, gliarin, macrolin, etc., have been described, in an ever-growing list. A total of 65 IF genes have been detected in a screening of a draft version of the human genome (13) .
Desmin is usually phosphorylated, and the number of isoforms correlates with phylogeny: there is a single isoform in mammalian muscle, 2 in an avian muscle and 3 in fish muscle ( Figure 2) . As is the case for all IFs, phosphorylation regulates desmin poly- merization, so the number of isoforms may correlate with the structural state of each tissue. Signaling molecules like protein kinase C can increase the phosphorylation of desmin and change the structure of the filament network (14) . Interestingly, some particular physiological conditions or pathologic situations can also increase the number of desmin isoforms. Thus, there are 5-6 desmin isoforms in Purkinje fibers, specialized conducting cells in the heart of large mammalians (15) . In people with familial congenital heart disease, there are also 5-6 isoforms (16) . We could show that there are five desmin isoforms in the electric organs of the electric eel Electrophorus electricus L. (17) . Furthermore, our group showed that each of the three different electric organs of the electric eel has a distinct desmin isoform pattern (18) . All of these muscle derivatives also have a higher IF to myofibril ratio than normal muscle.
Myogenesis
Desmin is expressed since the early formation of skeletal, cardiac and smooth muscle, and endothelial cells. In avian cells, desmin is the first muscle-specific cytoskeletal protein or isoform to be expressed, after (or together with) the commitment of precursor cells to the muscle lineage. During embryonic development, the notochord secretes the inductive factors SHH, the neural plate secretes Wnt and the lateral plate secretes BMP4, which will cause the somite cells to become committed to the muscle lineage. These proteins induce the expression of the muscle regulator factor Myf5, which in turn will induce MyoD, which will induce mgn. The genes of most of the structural muscle proteins have a MyoD-binding regulation region. Desmin has been reported to be expressed in muscle together with Myf5 and before MyoD (19) . The detection of desmin inside the nucleus and the finding that desmin can form a dimer with MyoD are very intriguing (see below). The direct relationship between desmin expression and muscle differentiation is difficult to establish, since muscle cells can develop without desmin (6,7), but muscle can also form in the absence of MyoD or mgn (but not of MyoD and mgn). In chick, muscle-committed cells exit the cell cycle, and the forced expression of MyoD shows a coordinated beginning of desmin expression and inhibition of 5-bromo-2'-deoxyuridine labeling (20) . In mice, replicating muscle cells express desmin (21) . It should be pointed that those two models have quite different in vitro behavior, because mammalian cells replicate more easily and form small myotubes in culture, while avian cells stop replicating and form enormous and vigorously contracting myotubes. While there are several mammalian muscle cell lines, no well-differentiated avian muscle lines have been established (the main avian muscle line QM7 does not form myotubes).
The subcellular distribution of desmin changes during development from thick filaments widespread throughout the cell to a diffuse association with the Z-line and striation. It should be noted that the mesenchymal precursors of muscle cells already have a vimentin IF network. Accordingly, this change in distribution is a marker of myogenesis, which we used to characterize the extent of MyoD conversion in transfected non-muscle chick cultured cells (20) and to point out the particularities of the myogenesis in zebrafish embryos (22) .
Cellular distribution
The best way to visualize the distribution of desmin in different cell types is by immunofluorescence ( Figure 3 ). Desmin appears sometimes as long isolated filaments, but it also appears as a fluorescence haze, probably because of its sub-resolution size (10 nm, smaller than the 0.2-µm light microscope limit).
Desmin has been described in almost every distinct muscular cytoskeletal structure ( Figure 4 ). In mononucleated smooth muscle cells, desmin is spread throughout the cell, but is concentrated in the dense bodies (Figure 4, a) , where the microfilaments also attach. Dense bodies are centers of contraction, and have α-actinin and actin beside desmin, being homologues to Z-lines and intercalated disks (23) . Desmin can make up to 2% of the smooth muscle mass, and chicken gizzard is commonly used for desmin extraction. Figure 3 . Desmin distribution in several cell types detected by immunofluorescence. One-day-old cultured skeletal muscle chick cell, stained for desmin (A), myosin (B) and DNA (4',6-diamidino-2-phenylindole dihydrochloride) (C). At this developmental stage, myoblasts are beginning to elongate, desmin is distributed throughout the cytoplasm, and myosin appears first around the nucleus. Five-day-old cultured skeletal muscle chick myoblast stained for desmin (D), Z-line titin (E) and DNA (F). This myoblast is already striated for desmin and titin. Desmin is present on the Z-line, but not as restricted as titin. There is also desmin around the nuclei and diffusely in the cytoplasm. Twenty-four-hour zebrafish somites stained for desmin (G), α-actinin (H) and differential interference contrast (I). These 2-hour-old myocytes in the fish embryo show a pattern similar to the 5-day chicken culture, with striations visible by desmin and α-actinin stain and by differential interference contrast. Three-day-old cultured heart chick cell stained for desmin (J), α-actinin (K) and DNA (L). In cardiac myocytes, desmin distribution on the Z-line is more restricted than in skeletal muscle, but there is also more desmin in the cytoplasm. The myofibrils are not aligned as in skeletal muscle, as can be seen by the α-actinin stain. Scale bar: 10 µm for all panels. For details, see Refs. 22 and 57.
In the multinucleated striated skeletal muscle, again there is desmin all over the cell, but there is more desmin in the Z-line (lateral attachments of microfilaments; Figures 3D,G,J and 4, b) and in the costameres (periodic structures in the membrane that are connected to the Z-lines, Figure 4, c) . Costameres are composed of several protein clusters and link IFs and actin microfilaments to the membrane (24) . One type of costamere, the dystroglycan protein complex (DPC), connects actin through dystrophin to the transmembrane ß-dystroglycan, which in turn binds to extracellular α-dystroglycan, laminin 2 and collagen. Another type of protein complex connects actin through spectrin, talin, paxillin, and vinculin to trans-membrane integrins, which bind to fibronectin, laminin and collagen. Desmin connects to DPC in the costameres, through plectin and dysferlin. The DPC alterations cause Duchenne and Becker muscular dystrophies, frequent congenital diseases that can be fatal. In skeletal muscle, desmin has been described in myotendinous junctions, together with nestin ( Figure 4, d) (25) , and in neuromuscular junctions, associated with the cholinergic receptors (Figure 4, e) (26) . Myotendinous junctions are specialized regions of skeletal muscle attachment to connective tissue, and have characteristic molecules, such as type XII and XIII collagens and α7-integrin. The neuromuscular junctions mediate the contraction stimulus through chemical signaling between acetylcholine releasing nerve cells and the cholinergic receptors in the synapse, a special membrane region with clefts (invaginations) and particular constituents, like type XVIII collagen and agrin. Desmin may also be present around the Mline, particularly associated with skelemin (see below). Desmin also connects myofibrils to the costameres, forming an extramyofibrillar cytoskeleton (Figure 4, f) .
Heart cells are mono-or binucleated and have desmosomes, where the IFs of neighbor cells are connected through cadherins and cytokeratin (Figure 4, g ). Desmosomes are typical of strongly attached epithelial cells, and are composed of desmoplakin agglomerates that bind transmembrane cadherins in adjacent cells (27) . In cardiac cells, desmosomes bind myocytes laterally, while the myofibrils of each cell end in a special Zline that attaches to adjacent cells, the intercalated disk (Figure 4, h) . Therefore, desmin and α-actinin are present in all the contraction organizing centers in the three muscle cell types. The distribution of both proteins is mostly coincident, but clearly is not restricted to the same places. In non-muscle cells, α-actinin is distributed along actin filaments and links them to the membrane, and in striated muscle, α-actinin aggregates on the membrane could be nucleating centers for myofibrillogenesis. Heart cells have the highest proportion of desmin and also a large number of mitochondria.
Desmin, like all IFs, is also concentrated around the nucleus (Figure 4 , i) in the three muscle types. In muscle cell fractionation experiments, desmin has been found to remain bound to the nuclear fraction (data not shown). Furthermore, there is a direct interaction between cytoplasmic IFs and the nuclear lamins (28) . Interestingly, the muscle nuclear envelope has a particular lamin-associated protein, emerin, which was identified as missing in people with Emery-Dreifuss muscular dystrophy (29) . It is possible to speculate that the muscle nuclei should have a particular structure to withstand the mechanical load of contraction, in the same way as the desmin network could be unique. Mutations in the lamin A gene in humans are also responsible for muscular dystrophy, and knock-out for lamin A induces the muscular dystrophy phenotype (30) . Because lamin A is present in several cell types and only muscles are affected by its absence, muscle nuclei could be subjected to a greater mechanical stress than other cell types.
Mitochondria are somehow connected to desmin IFs in addition to microtubules (Figure 4 , j).
Molecular interactions
Desmin interacts with several molecules (Table 1) . First of all, it forms heteropolymers with IF proteins of the same class, like vimentin, GFAP, nestin, etc., which may coexist in some cell types, and with type VI IF proteins. The other IF proteins that may copolymerize with desmin in vitro will not be considered in this review. While vimentin is co-expressed in vivo, it is down-regulated along myogenesis, and almost not present in adult tissues. The exact amount of vimentin protein present in adult tissues is still unclear, but specific silencer regulatory sequences have been identified in the gene (31) . GFAP can polymerize with desmin in vitro, but only a few cell types actually coexpress both proteins at the same time. One interesting case is the dynamic and developmentally plastic myofibroblast, which we showed to be positive for desmin, GFAP and vimentin (32) . Nestin is typical of central nervous system stem cells, but is also present with desmin in muscle ligaments (33 (35) . Curiously, synemin is expressed in all muscle tissues (although at higher levels in skeletal muscle), but also in other tissues, particularly in myoepithelial cells and glial cells (36) . Paranemin was also initially described as an IF-associated protein (37), but later was shown to be a type VI large IF protein. Paranemin, but not synemin or nestin, has been shown to be essential for the formation of an extended desmin IF network (38) . Desmuslin is an IF protein recently characterized from the dystrophin complex that associates with α-dystrobrevin in costameres and with desmin in costameres and around the Z-line (39) . But sequence homology suggests that desmuslin may be the human homologue of synemin, more specifically of the smaller synemin ß transcript (40) . Syncoilin is another dystrophinassociated protein that seems to concentrate in neuromuscular junctions (41) . Interestingly, nestin, desmuslin and syncoilin are not type III filaments: while nestin may be classified as type IV, desmuslin has been proposed to be a type VI or VII, and syncoilin could be a type IV, since it can form filaments by itself. Desmin may associate with lamins, as mentioned before.
Besides IF proteins, desmin also binds to other sarcomeric and sub-membrane proteins. The extra-myofibrillar desmin cytoskeleton links to the membrane adhesion complexes indirectly through syncoilin and desmuslin/synemin, but there is a direct association between desmin and the proteins spectrin and ankyrin (42) . A direct interaction between desmin and nebulin was shown using a yeast two-hybrid approach (43) . Nebulin is a molecular ruler that controls the size of the A-band through its binding to actin. Desmin binds to skelemin around the M-line (44) . The proposed structure of skelemin has internal myosin-binding regions and two desmin-binding regions, one in each extremity. In this way, desmin binds both to the Z-and M-lines.
The three major filaments of the cytoskeleton are linked by the protein plectin, which has been shown to bind to microtubules, microfilaments and IFs (45) . Plectin is a member of the plakin family of cytolinkers, which include the desmosomal desmoplakin, and which also bind to integrins and cadherins. The distribution of plectin is not affected in desmin knock-out mice, but in plectin knock-out mice the amounts of vinculin and spectrin are reduced. IFs seem to be transported throughout the cell associated with microtubules and/or microfilaments via cytoplasmic dynein (46) .
Desmin can be present in the nucleus, where it has been suggested to bind to MyoD to form a heterodimeric gene regulation protein (47) . The interaction of desmin with MyoD establishes a new self-regulatory pathway, because the MyoD gene has E-boxes, regulatory sequences, MyoD binding sites, as does the desmin gene. Inside the nucleus, desmin can bind directly to DNA. The interaction of type III IFs (vimentin in particular) with several DNA arrangements has been well characterized, and all type III filaments have the same DNA-binding domain (48) .
The desmin IF network is dependent on binding to the small chaperone αB-crystallin (49) . First identified as a structural protein in the eye lens, αB-crystallin is known to exist in several cell types. Other crystallin isoforms also have dual enzymatic and structural roles.
The proteases calpain and caspase can interact with desmin during differentiation and particularly in apoptosis. Caspase 6 phosphorylates specific residues in desmin, induced by change in serum concentration that controls differentiation (50) . Desmin has been described as a major substrate for proteolysis by a muscle-specific calpain (51) .
Desminopathies
Since the IF proteins are cell type specific, they have been used to type the origin of undifferentiated cells in tumors or other cells of unknown origin, like electrocytes (17) .
The first identified involvement of desmin in human diseases was a familial cardiomyopathy that had filament deposits (15) . The advances in molecular diagnosis led to the identification of desmin-related myopathies (52) . Their symptoms include skeletal muscle weakness, arrhythmias, heart failure, and accumulation of desmin in cardiac and skeletal muscle cells. The desmin accumulation can be caused by desmin mutations or mutations in αB-crystallin. Several mutations from different families have been characterized. This type of disease has been called surplus myopathy because it arises not from the absence of the protein but from its accumulation due to misaggregation caused by the inability to polymerize properly or by the lack of chaperones (αB-crystallin), or by its overexpression caused by problems in recycling proteins (caspase, calpain). Experimentally, a small overexpression of desmin does not lead do any damage, but a significant overexpression leads to accumulation of desmin and the formation of aggregates inside the cell, typical of human desminopathy patients. It is still unclear if the accumulation is the cause or the consequence of the disease, which can affect health to varying extents.
Putative functions
Many functions have been attributed to desmin since its identification. Some can be classified as mechanical or structural, with a role being attributed to the filament itself, but some hypotheses propose that desmin has regulatory roles.
Desmin IFs have been proposed to be required for myofibrillogenesis. Several lines of evidence argue against this hypothesis, including the fact that desmin knock-out mice go through their myogenesis basically unaffected (6, 7) and that cells without the IF network caused by transfection with truncated desmin also assemble their myofibrils perfectly (11) . By contrast, electroporation of desmin antibodies disrupts the Z-line and the myofibril (53) .
Desmin could be involved in the regulation of gene expression. In this case, the main argument is the ability of desmin to bind DNA and its cellular distribution from the cell periphery into the nucleus, where it can interact with lamins (28, 54) . The nuclear lamins, once thought to be involved only in the mechanical support of the nuclear membrane, now are also suspected to have regulatory functions because of their associations with DNA transcription proteins (55) .
Desmin function could be the localization of mitochondria. Desmin knock-out mice have their mitochondria displaced, and these alterations could lead to a deficiency in oxygen metabolism (56) . It is noteworthy that these changes in mitochondrial distribution happen before other disturbances.
Desmin, like most IFs, could support and position the nucleus, together with microtubules. After the myoblasts fuse in skeletal muscle, there is an important realignment of the nuclei. Desmin knock-out mice have misplaced nuclei (6, 7) . We could show in primary chick myogenic cultures that, upon treatment with the phorbol ester 12-O-tetradecanoyl phorbol 13-acetate, desmin is phosphorylated, the myofibrils disassemble but the IF network persists, and the nuclei are clustered together in the center (57) . Our recent results show that cholesterol withdrawal with the drug methylbeta-cyclodextrin also induces nucleus misalignment (58) .
Desmin could be responsible for the elastic properties of muscle, like resistance to stretch. This assumption originated before the identification of the elastic protein titin, which binds the Z-to the M-line. Furthermore, desmin knock-out muscles show the same passive elastic properties as control muscles (59) .
While the function of desmin is still uncertain, the same is not true for other IFs and their proteins in other cell types. Thus, it is clear that cytokeratins have a structural role in epithelia because there is a skin blister phenotype both in the cytokeratin knock-out mouse and in the equivalent human disease, epidermolysis bullosa (60) . On the other hand, vimentin knock-out mice do not show any greatly altered phenotype (61) and there are no known vimentin-related diseases. One possibility is that IFs perform different functions in specific tissues, and that some of them have structural roles while others have regulatory roles. If this is true, the trend initiated by Holtzer (1) of integrating all the intermediate filaments and their proteins in a single cytoskeletal entity should be reversed by an approach where the differences, more than the similarities, of each filament should be emphasized.
Microfilaments and microtubules have a monotone basic structure of conserved globular molecules in all cells, but they perform several different functions because of their greatly varied associated proteins. IFs have a dual structure, with a central conserved domain and varied terminal domains. We could imagine that the conserved domain is analogous to the basic actin and tubulin blocks, while the varied domains would function to give their cell type specific functions. Not only may the IFs in each cell type have different functions, but they could perform specific functions even in different places in the cell. There are several actin-containing compartments in one cell, each with different properties, as there are different microtubule populations. It is possible, for instance, that the sub-sarcolemmal desmin has a somewhat different function than the nuclear desmin. But in the case of microfilaments and microtubules, the associated proteins are different in each sub-cellular structure. Therefore, we can imagine that each desmin structure is different, maybe because of different associated molecules (such as nestin in myotendinous junctions) or even because of filament arrangement or isoform composition.
If there are many "sub-functions" of desmin, it is reasonable to assume that desmin may have (some) different roles in skeletal, cardiac and smooth muscle. Muscles are an extreme adaptation of a ubiquitous cytoskeleton for force production, and the existence of three main muscle types indicates quite different adaptive solutions, consistent with restricted distributions of some desmin-interacting molecules to each particular muscle type. However, the overall association of desmin with the muscular program is clearcut, because all vertebrate muscles express desmin from their differentiation to all possible adaptations.
The mechanical and physiological functions of microfilaments and microtubules are not exclusive. Focal contacts are sites of strong adhesion to the substrate and of signaling through kinases. Likewise, desmin could have concomitant structural and regulatory roles. In this way, it will be impossible to look for a single function for desmin, and all the mentioned functions could be true.
